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The Tevatron Accelerator

World’s highest energy collider Ep : Chicago -
(until 2007) V. 5
— Proton-antiproton Synchrotron - | =
— Experiments CDF and DO _ P

1.96 TeV

Run | (1992-1996)
~ Vs =1.8 TeV e
— 6 x 6 bunches with 3 ps spacing e S
— ~100 pb-! int. luminosity NN

Major upgrade to accelerator complex
— Main Injector (x5)

— W
F —

— Pbar Recycler (x2) psoufce o8 v tnjector )
‘. & Recycler
- Run Il (2001-2009 ?) S THITARE S

— Vs =1.96 TeV
— 36 x 36 bunches with 396 ns spacing

— Current peak luminosity
>15.0 x 1037cm=s' =5x Run||

— Aim for 4-9 fb! int. luminosity in Run Il -
both experiments have now > 1 fb*! on tape.



CDF and DO in Run |l

Both detectors
*Silicon microvertex tracker
*Solenoid

*High rate trigger/DAQ
eCalorimeters and muons




The Standard Model

T

« Matter is made out of .
fermions: U ...
— quarks and leptons -
— 3 generations d ...
viviiv[Z

« Forces are carried by
e

Bosons:
e UiTw

— Electroweak: y,W,Z
Three Generations of Matter

lers

— Strong: gluons

* Higgs boson:

— Gives mass to particles

— Not found yet .

Leptons Quarks
Force Carr




Electroweak And

Stronqg Force

Quantum field theory is used to describe
forces of nature:

— Unified description of weak and electromagnetic
force (Glashow, Salam, Weinberg):

* Photon
e W, Z

— Strong force described by
Quantumchromodynamics (QCD)

* 8 gluons

Precision measurements test validity of
model and calculations

QCD has unique features:

- Test of the SM and phenomenological
models in its own right

QCD is indeed the ‘strong force’

- i.e. large cross sections for background towards
searches beyond the Standard Model

.
e‘—{ | 01 =1/137 |
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QCD : Asymptotic Freedom & Confinement

o 025 —
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0, (Q) = & ) V} L2505 tumr 1131w
h CDF (87 pb™) (inclusive jet pp - u=FEi)
(33-2n,)In IR !
gluon Qb I I}[}
quark 0.15 - : é
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Quarks confined inside hadrons

perturbation theory can be used
to compute partonic cross sections -
g > N
At low Q (large distances) pQCD 8 g
breaks down (and we rely on |

phenomenological models)

At high Q (short distances)

String model for hadronization ¢



QCD Factorization

o=y j dx,dx,f, (x,, Q° T, (Xz,QZ ) CA5(19%9

antiproton

QCD: free quarks and

gluons are not allowed...
VAN

G qg—qg

f,(x. Q")

0.8

ZEUS
(a) Q*=10 GeV*

—— ZEUSNLO QCD fit
o, (M) = 0.118

tot. erTor

o
Ny xg(x 0.05)

S,

NG

> XS(X 0.05) -_::_::_:::.-_::;;: ~
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Partonic cross section: calculated to a given order in pQCD

PDFs of parton inside the proton: needs experimental input
(universal - can be used to compute different processes)



in CDF Detector

jet

0
prﬂQ _ ET — ESln 0
— antiproton
jet
Dijet Mass = 1.36 TeV
(probing distance ~10-19 m)
E; = 666 GeV
n= 043

E; =633 GeV
n =-0.19




What do we really measure?

e Calorimeter Jets:

= Cluster calorimeter towers to jets by a jet algorithm
= Correct for detector resolution and efficiency
= Correct for “pile-up” — extra minimum bias events

« Hadron Jets:

= Cluster (stable) particles in a jet algorithm using MC —
correct data for difference of MC particle jet to MC
calorimeter jet

 Parton Jets:

= Correct particle level jets for for fragmentation effects

= Correct for particles from the ‘Underlying Event’
(soft initial and final state gluon radiation and beam remnant
interactions)

‘ Meas’ment = PDF + pQCD ME + pQCD Approximation + UE + Had + Algo




Jet Algorithms

Jets are collimated sprays of hadrons
originating from the hard scattering

Appropriate jet search algorithms are
necessary to define/study hard physics

and compare with theory

Different algorithms
correspond to different
observables and ;)

give different results! Krjet  Cone jet

Raw Jet P, [GeVic] Event 1860695 Run 185777
=+ JetClu R=0.7

Only towers with E; > 0.5 GeV are shown




Inclusive Jet Production
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Inclusive Jet Production

* Probes physics at small distances =10-"®'m [ D0 Cona - ronvers e
E ZEUS 95
- Higher reach in pT due to increased Vs | [ 7euseeo7 & Hisasy p
. E665
» Test pQCD over more than 9 decades in & oo [ crorus
”> CCFR
.y . X [ []aNnriHEP
» Sensitive to PDF (gluon @ high-x) % 0% [ yap £o7.010
- [ ] scoms e
10 | [[]] Nmc &
E R sLac o
2.0 . . . — . N LA
M | | | w;: /////////
gluon at @ = 3.1 GeV { i 72
10
2 L pppm— [ 0tr _ ( s NLO QCD (JETRAD)
s s1F one R=0.7, In| < 0.5
5 . HHH HHHHH|||||||||||HIJHLLLHHTWW | o il
s
: ,_ 10" -— X5@B00GeY
¢ Uncertainty on gluon PDF . ] 10°L \5 = 1.8 TeV
- (from CTEQY) : i s
C - 10 =
%||| N | 1 L L .- I | -?E—
?6‘5‘ 107 10t 0108 .05 a4 2 4 4 5 8 7B S1 10'; X2 @A400GeV
X \ L1V - TR I T I R B

100 200 300 400 500 600
p, [GeV] 12



Inclusive Jet Production: Run | legacy

Inclusive Jet cross section

b/GeV

CDF Preliminary

-~ ® 1994-95
O 1992-93

NLO QCD prediction (EKS)
~ctegdm p=E,/2 Rsép=1 =

Statistical Errors Only

data/theory — 1, %

 Run |
— Cone jet finding algorithm

— Apparent excess at high pT,
but within the overall
systematic errors

— Is it New Physics or parton
distribution function ?

« Between Run | and Run Il

— Machinery for improved jet
finding algorithms:
- MidPoint Cone Algorithm
- kT Algorithm
PDFs are further tuned

13



Inclusive Jet Production

Tevatron parton kinematics

Quark/Gluon Contributions to Cross Sction T et SRR SISt DM
1.2 F
[ X, , = (M/1.96 TeV) exp(ty) i
Leading Order QCD (MRS0°) 10ty Q=M 3
1 T]]=T]2=0 7 o
GG Gluon-Gluon Scattering 100 F
QQ Quark-Quark scattering
08 QG Quark-Gluon scattering
o L \GG
M=100GeV /- K ).
04 o E
M =10 GeV §/ e
T TR TR T N Pin down pdfs |
Transverse Energy of the Jet e here and use
* Gluon contribution significant

DGLAP I
evolution

» use forward jets to pin down pdfs versus
new physics at higher Q2" central region



Inclusive Jet Cross Section-D0

(MidPoint algorithm R=0.7)

0 2 regions in rapidity explored Jet energy scale uncertainty
lyiet|< 0.4 =>» dominant error
ot _ )
0.4 <|yet< 0.8 L =380 pb 1 w —
g *°= D@ Run Il preliminary
S — a3 NLOQCD ¥l <04
3 10°L DG Run Il preliminary g zgj CTEQB.M
8 . f 26
210 * |yl <0.4(x10) 15E- P TR
F R eo—
E1O3§_ © 04<|y|<0.8 e FoEoaRaR UL
0102: 45§_|||ll|||||l|||||||1||||||||||l||||
=R E 04<ly<0.8
© 10F  \s5-1.96Tev 33: """" e
- _ -1 psE === CTEQS6.1 PDF uncertainty
1 3 L=378pb 2_ +-
107 taF e i
2§E — NLO QCD 0515_ m"-'-"-'""-"-"-"-'é'-“-"-"-"--.-;-_-'c'-';'."_"
107 S TS T R RN TR TR TR ITT T I T
EE CTEQ6.1M 7100 200 300 400 500 600
107 E Hr = Mg =Py riGex)
Tl , S Good agreement with
50 100 200 400 NLO prediction ( direct comparison

pr (GeV) of hadron to parton level i.e.
neglect fragmentation and UE)



I

Inclusive Jet Cross Section

« MidPoint algorithm R = 0.7 « Data dominated by Jet Energy Scale (JES)
_ _ .. 20
- Central jets: 0.1<|yl|< 0.7 uncertainties (2-3%)
: * Thy uncertainty dominated by high x gluon
* More than 8 orders of magnitude PDE
Coive red 3__ Data corrected to the parton level
T 10 % B NLO pQCD EKS CTEQ 6.1M (u =P:"/2)
.E%‘ 10:5 Midpoint {Rmng,?_fmﬂrgazg,ﬁ, R59p:1'3} o5~  Midpoint (R, =07.f =075 R, =13)
] = B 0.1<|Y|<0.7 L=1.04 i
— 1 CDF Run Il Preliminary B
] E B —— PDF uncertainty on pQCD
b % . — 2 MRST 2004 / CTEQ 6.1M
ol 107E" 0.1<¥]<0.7 [ Systemaiic incerainy
© - - I Systematic uncertainty including ——
'"]'2 E K 1.5 hadronization and UE
= L=1.04b B
10° g i
= i
10'4_5 |_ = ] fb_] B
; ~ 0.5 CDF Run Il Preliminary
. _ . ] I A A A AT AR AR A
19 gE E Systematic uncertainty 0 100 200 300 400 500 600 700
10° E Data corrected to hadron level ‘ 15 P2 GaVic)
107E NLO pQCD EKS CTEQ 6.1M (u =P12) — - GoF Run il Prefiminary
E ’ Uncertainty

10-8 L 1 1 | L L L L | 1 1 L L | L L L 1 | 1 L L L | L 1 L 1 | L L L
0 100 200 300 400 500 600 700
P (GeVlc)

-
N
TTTT HH‘HH‘HH‘HH‘HH

_ o o= Sensitive to UE+Hadronisation effects
Good agreement with NLO predictions for Pr<100 GeV/c
(direct comparison of hadron to parton level ° we Ee e e (Ge\ﬁ‘é‘;l 6

as well as data corrected to parton level)

Parton to Hadron Level Corrections




— 10% = CDF Run II Preliminary
C 102 & K, D=0.7 0.1<|y"*"|<0.7
% = Data
g 10 :g Systematic uncertainties
e = ——— NLO: JETRAD CTEQ6.1M
g 1 = corrected to hadron level
aF = = JET[Z =
w 10" B Hg = Hg = MaX Py Ho
o = e ------ PDF uncertainties
T 1021 !
= E P
5 3l
A S
- 4 [ i
b 10 = I
od 5 R
o 10 = TA{*L
10 L=980pb! e
107 o
1U‘BEIIII|IIII|IIII|IIII|IIII|IIII|IIII|II
0 100 200 300 400 500 600 700

K; algorithm performs well in hadron collisions

pr ' [GeV/c]

(i.e. with an underlying event)
Good agreement with NLO pQCD (both data and thy compared at hadron level) 17

Ratio to CTEQ6.1M

CDF Run II Preliminary

25
2L

150

JET,

[ K, D=0.7 0.1<ly’"|<0.7

—=— Data

Systematic uncertainties

- -- - PDF uncertainties
I p=2x%p, = max pi
......... MRST2004

1 1
300

1 1
200

1 1
400

1 1 11 1 1 1
500 600 700

Py [GeVic]

CDF Run II Preliminary

0.95F

(/Y SN AN I A A AN A A A

K, D=0.7 0.1<]y™"|<0.7

Mante Carlo Modeling Uncertainties

Parton to hadron level correction

100 200 300 400

500 600 700

Py [GeVic]



Forward jets (k; alg

0.7<|Y|<1.1 1.1<|Y|<1.6 1.6<|Y|<2.1

CDF Run II Preliminary

— 10% = —_ CDF Run II Preliminary —10° = CDF Run II Preliminary
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Data will further constrain high x gluon in global fits |,



High-x Event

Tower E; > 0.5 GeV K, D=0.7: Raw P /T

CDF Run II Preliminary

10 1504
=10 Ky D=0.7 4100
——— Data
107 Ly J. L=0.98 fb" Systematic uncertainties
Play —— NLO: JETRAD CTEQS.1M
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Direct Photon Production

CAL+TKS R-Z VIEW 11-DEC-1892 17:31 |Run 52557 Event

Max E= 48.7 Gev
A | CAEF E SUM= 479.9 Gav
WTK in 7= 32.0 {cm)

jet
==i

“ ﬂ -
QR Annihilaton ﬁ

Leading Order Processes Yielding Direct Photons 'Y .

Using prompt photons one can
precisely study QCD dynamics: Y S —

* Well known coupling to quarks
* Give access to lower Pt

+ Clean: no need to define “jets" P A—
« constrain of gluon PDF " Y e
Experimentally difficult begause of Preshower Shower maximum

large background from 7T decays detector detector




Inclusive y cross section | & *

« Highest p.(y) is 442 GeV/c
— 3 events above 300 GeV/c not displayed

e 1
= o 21-4_ L =326 pb DQ
© 10° - e data il
S — NLOQCD DO g I J +
o) 2 S121
& 10% L (Ma=He=1=P7) i | ———— B I SR ¥
I CTEQ6.1M N JFl |+ + | % i
. B B
o - L WL . 1L O - I S S
2 10¢ 0.8 H ] T }L ]l
B » X
O 1 3 0.6 | m  ratio of data to theory (JETPHOX)
= i CTEQ6.1M PDF uncertainty
Al e scale dependence
10 3 0.4 N (HH=NF=U1=O-5p?r and 2P1T()
= coovov by v Vv v by v by ooy s by
. 0 50 100 150 200 250 300
1022 L P} (GeV)
10-3 _EI 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I-I 1 1 I . Errors ~20%
0 50 100 150 200 250 300 _
4 Very promising at ~ fb-"
pr (GeV) : e :
luminosities to constrain
Good agreement with pQCD NLO gluon PDF at high x
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Jet-Jet Correlations

Jet#1-Jet#2 A¢ Distribution 1% o
e |
= S ® PP > 180 GeV (x8000)
- 10 "F 0 130 < pI"™* < 180 GeV (x400)
5 [ ® 100 < p"™* < 130 GeV (x20)
© 103; m
b-g‘ ;
= 10°
10
1
1
. . . 10
« MidPoint Cone Algorithm (R = 0.7, fme,.gje = = HERWIG 6.505
O 5) -2 --=- PYTHIA6.225
: 10 F 1 PYTHIA
« [ =150 pb* (Phys. Rev. Lett. 94 221801 A~ l(mméi‘fm""’f"'”
10—t
(2005)) /2 3n/4 n
« Data/HERWIG agreement good. AD g (rad)

« Data/PYTHIA(TuneA) agreement good
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Inclusive b-jet Production

23



B-quark production in hadron collisions

Leading Order Next to Leading Order

2 @ Gy T —r— g Q
g rgp Q 2 Q

q>""""<@ P - . . % g
g N g G Flavor excitatio(g : 5
}"?”’< :‘::D< g other radiative corrections..
5 & s @ @

Flavor creation . ? ’ Gluon splitting

Experimental inputs are B-Hadrons or b-jets rather than b-quark
Proton structure

da(p; > BX) 3 da(q&/gg/qg > bX) T

= ®Fp1_7 @Db—>B
d p; (B) dp; (b) l
NI?(S QCD Fragmentation

=> Another stringent test of NLO QCD
24



Tagging Bs

* B hadrons are massive
— decay into lighter flavors
— use decay products to tag B
— ‘Soft Lepton Tag’

// /'/ il
i
\ b Fr
Primary >t
vertex

Prompt
tracks

displaced
tracks

* B hadrons are long lived
— ¢t~ 460 um
— give rise to secondary vertices rmary \

— tracks from secondary vertex have vertex d°
non-vanishing impact parameter d, i
at primary vertex

— ‘Secondary Vertex Tag’ & Jﬁ(

‘Jet probability’ prompt tracks z

Secondary
vertex

Lxg,/’

25



Run | Legacy

 InRun I, afactor 3 dlscrepancy I 'ngkhﬁmy_z 9+o 4 -
was reported between theory [ STl Tt St melio B

predictions and experimental N - E %
data by both CDF and DO b 0G0 MAST, 48.< m, < 8.0 e/

—Hp’..-'a.;.lu Zpg. 0004 < g "-—‘:'li}flﬂ
B 0.23582 <, < 0.308

In b-hadron cross sections N A

3
in

00 —

pr (GeV .fn::|
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e Beauty production - Test of pQCD

 MidPointjets:R=0.7, |yt <0.7

e Reconstruct secondary vertex from B
hadron decays (b-tagging)

 Shape of secondary vertex mass
used to extract b-fraction from data

ﬁk CDF Runll Preliminary —s— baia

I:l Systematic errors

—f— NLO prediction CTEQEM

corrected at hadron level

d?s/dYdP (nb/[GeVic])
—
{—

10° -
= == YPEm [ 2
10-3 = = NLO uncertainties
10_4 E (scale included py (4 < u =y}
10° :_ MidPoint jets, R,q=0.7, ;. =0.75 === R — |
= Y5 =1.96 Tev,f L~300pb" :—.'.%
10° i
% |Y|=<0.7
10-T_IIII||||||||II|IIII|III||||||||III|IIII|III

50 100 150 200 250 300 350 400
P; jet [GeVic]

Data / NLO prediction

L = 300 pb! |
CDF Runll Preliminary
5
a5 g_ —=— Data/NLO prediction (CTEQEM) "‘é“ip:’_‘;‘éf; TnLnf:bL- I‘;-;g;gfo 75
E corrected at hadron level V<07
4 ;_ “ﬁ'fﬁ"z
3.5 f— I:I Systematic errors
35_ = = == MLO uncertainties
g (scale 1 {lower) and . / 4 (upper))
255
2=
155
.
0.5:II\IrllI\‘IIIIIl\I\IlI\I‘\‘IIII \Il\ll\ll
50 100 150 200 250 300 350
P, jet [GeVic]
*  More than 6 orders of
magnitude covered
* Data systematic uncertainties
dominated by Jet Energy
Scale and b-fraction
uncertainties
e Main uncertainties on NLO

due R/ scales

Agreement with pQCD NLO within systematic uncertainties
- Sensitive to high order effect (NNLO)
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Extract fraction of b-tagged jets from data using

shape of mass of secondary vertex as

discriminating quantity

—>bin-by-bin as a function of jet p;

-2 component fit:b and non-b templates
(Monte Carlo PYTHIA)

Fraction b-jets tagged

82 < p/°t< 90 GeV/c

N tagged jets {Data)

Bin 82-90 GeVic: f, = 0.328 + 0.029

—=#— Data (Jat50)

Fit prediction

f, « tagged jets

— f ., ©1agged jets

a.7

E —e— Data (stat. error)
ae Z_ |:’ Total syst. error
ﬂjé;

i { +l .
03 e I+M‘+1H, .
02 | @*}1*44 ‘l_'_l_
u.1i— + l

u: T ——— L b b b |

éﬁd 300 éEﬂll =
P, jet [GeVic]

50 100 150 200

3 4 5 ]
Mass secondary vertex [Ge\ﬂc']




Data/Theory

2.5

1.5-

0.5

—
T T T LI

" [_]All Error

- JES Onl _
- ENO HF y D& Preliminary

$

-I L1l I Ll 1 1 I Ll 1l I Ll 1 I L L L 1 I Ll 1 1l I Ll L 1
0 100 150 200 250 300 350 400
Pt (Gev/C)

MidPoint Cone

Algorithm (R = 0.5)

Require muon in

R=0.5.
L =300 pb
|Yjet| <0.5

P-(m)>5 GeV/c

do/dpt pb/GeV

=y
o
R

10

1

-
Q
-

107

4
105

1111 | 1111 | 1111 | 1111 | 1 111 | 1111 | 1111 | 1111
0 100 150 200 250 300 350 400 450
Pt (GeVic)

« Searching for muons in jets enhances the heavy flavor content.

- Data/PYTHIA ~ 1.3 flat.
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X

The b-bbar DiJet Cross-Section ’f

* E;(b-jet#1) > 30 GeV, CDF Run Il Preliminary
E (b-jet#2) > 20 GeV, Q| B war v —
In(b-jets)| < 1.2. f - B Pythia (CTEQS))

2 C@NLO

erwig (CTEQSI)

Preliminary CDF Results:
Data Sys. Error

oy, = 34.5 £ 1.8+ 10.5 nb
OCD Monte-Carlo Predictions:

PYTHIA Tune A
CTEQS5L 38.71 + 0.62nb

HERWIG CTEQS5L | 21.53 £ 0.66nb R T T T T T

Dijet Invariant Mass(GeV)

« Large SystematicUncertainty:
= Jet Energy Scale (~20%).
= b-tagging Efficiency (~8%)
 PYTHIA vs.Data ~ 1.4 flat

= expect due NLO corrections
= Consistent with DO result 30

10°

MC@NLO 28.49 + 0.58nb




.__\\

'\‘I

\ ¥
wy
iy

i

The b-bbar Didet Cross-Section \

CDF Run Il Preliminary

—e— Data
—— MC@NLO + JIMMY
—— Data Sys. Error

. E-(b-jet#1) > 30 GeV,
E-(b-jet#2) > 20 GeV,
n(b-jets)| < 1.2.

Preliminary CDF Results:

Opp, = 34.5+ 1.8 £10.5 nb
QCD Monte-Carlo Predictions: ‘“"ZE_ i \

(nb GeV")

dao

PYTHIA Tune A |
CTEQ5L 38.71 = Ol62nb N §| o e L PTEI T RRTRRI N SR R
4 80 80 100 120 10 160 180 200

Dijet Invariant Mass(GeV)

HERWIG CTEQSL | 21.53 £ 0.66nb
JIMMY: HERWIG + multiple parton
interactions
MC@NLO 28.49 + 0.58nb Enhances underlying event and b-
MC@NLO + cross section
JIM%/l@Y 35.7+2.0 nb => Better agreement of NLO
calculation with data!
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bbar-jet

* The two b-jets are predominately “back-to-back”

— Angular distribution sensitive to fraction of flavor creation
(back to back) to gluon splitting and flavor excitation

« Pythia Tune A agrees fairly well with the
correlation

— Run 1b data was used in Pythia Tune A
32



Vector Boson/Jets Final States:

Background to Searches




QCD and New Physics

-7 LI
L L L S ) BN B B
oL 1999 ATLAS TDR ]
g 10 _D%— _.:—;_._{;.__D_ / _%I
%m_m%— e -
ek _ T
10 = -
ml_‘|5|E ! / I . //% D

M = Hr + ¢T

* Preliminary MC studies (1999) suggested that
SUSY could be discovered via cascade
decays within weeks after LHC start-up

* New W/Z+jet(s) programs (ALPGEN)
predict a much harder jet Et distributions than
PYTHIA+PS

max( ) ——

min{g.q ) rme
199 High
v
‘L pat

(missing) """

=D

¥

ol )

Hioos-
Gg=

Event topologies of SUSY are:

multi leptons
E,+ High P, jets + b-jets
T-jets
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" < '/q W < « Background to top and Higgs Physics
NG szzzzg v * Testing ground for pQCD in multijet
{)\‘*’ 2022 {)\q eozel environment
N N — Key sample to test LO and NLO ME+PS
* Restrictoy: predictions
« JETCLU jets (R=0.4): & 1 E’l}‘“ * CDF Data _[dL: 320 pb” j
s E L @ 3
— EfeS>15GeV <2, F Ervey el 2 oicev] ]
w ¥ T et by B
«  Uncertainties dominated by BT g™ Jets:  JetClu R=0.4; fij<2.0 E
background subtraction and 3 F T, e hadron level; no UE correction 3
Jet Energy Scale 10" _gdt I'Etm o A T —— LO Alpgen + PYTHIA -
E E:g:FmI:E:I Total o normalized to Data E
'"TEE— T == =
- — R .
1u.EIE_ —— . -
= I 3
. - t -
LO predictions normalized to data 1@ E E
integrated cross sections o - L =320 pb! .
> Shape comparison only SR D I B B BN B
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do/dA R [pbi0.2]

W+jets production

(W—oev) +>2jets CDF Run ll Preliminary
:I T 17T | TT 17T | T T 1T | T T TT | T T 1T | T T 1T | T T | T TTT | TT 17T | T I:
a5  CDFData  |dL= 320pb’ -
- Wkin:  E°=200GeV]; < 1.1 1
| MY = 20[GeVic]; E) = 30[GeV] =
C Jets:  JetClu R=0.4; fnj<2.0; E' = 15[GeV] .
25: hadron level; no UE correction _
“E - LO Alpgen + PYTHIA + -
C Total o normalized to Data n
2_ —
C +~i‘-' 7
1.5 ,zij %Ei:* —
- & -
o Fog & W 3
0.5— g + —
C == ]
_I 1 I'_I._l' 111 1| | | I | | 111 1 | L1 11 | L1 11 | 111 1 | 111 |‘-F-|||—u—u 1 | 1 I_

0 0.5 1 15 2 25 3 3.5 4 4.5

Di-jt A (et e,

Differential cross section w.r.t. di-jet
AR in the W+2 jet inclusive sample

LO predictions normalized to data
integrated cross sections

- Shape comparison only

—

s
=]

1l

do/dM_[pb/(5GeV/c?)]

3

107

Differential cross section
w.r.t. di-jet invariant mass in
the W+2 jet inclusive sample

(W—)&V) +2>2jets CDF Run Il Preliminary

=+ CDF Data _[dL = 320 pb”

!m#:l'fl Wkin:  ES220[GeVE; [n]< 1.1
M = 20[GeV/e]; E} = 30[GeV]
wﬂjﬂj Jets:  JetClu R=0.4; jyj<2.0; E = 15[GeV]

I hadron lewel; no UE correction

B -k LO Alpgen + PYTHIA
B Totalc normalized to Data
i

0 100 200 300 400 500
Di-jet Invariant Mass M(jet -jet,) [GeVic']
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Events/s5 GeV
=

10

Z+]ets production

L = 343 pb-!

Same motivations as W + jets

1 o(Z) ~o(W) /10, but Z>e*e cleaner |

Cenftral electrons (| n | <1.1)
MidPoint jets:

- R=0.5p;>20GeV/c, |ye'<2.5

D@ Run Il Preliminary
ZIy (— e*e) + 2 n jets, 343 pb”
Jets: p. > 20 GeV, Jn| <2.5
+ Data (errors: stat)
....... ALPGEN+PYTHIA MC

g (CTEQSL)

P

—‘1'— Z+j

'y
’

L L+2]

R _&_O'[Z/y*(—>e+e_)+2njets]
" o, olZ/y (—>e'e)]
S e D@ Run Il Preliminary
= E 2y (= e*e) + = n jets, 343 pb”
2 107 - - Jets: p, > 20 GeV, || < 2.5
c E '
I T A
+ 107 - M
i?- E ___________
S T
c10° = : ?
10" ;— ® Data (errors: stat + sys) '
= 0 MCFM (CTEQ6M) e
LU= — ME-PS (CTEQ6L)
O o v v v v by v by v v b v by o by

|T|||

200
Jetp, (GeV

p; spectra of n"jet distribution

1 I1DDI I150I 1|

250 300

(|} 1 2 3 4 5
Multiplicity (=n jets)

MCFM: NLO for Z+1p or Z+2p = good
description of the measured cross sections

ME + PS: with MADGRAPH free level process
up fo 3 partons - reproduce shape of N,
distributions (Pythia used for PS)
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Nr. of Events

Data/ PYTHIA

* data

[
c 2
o Pythia range
G op e, el
1 :
1 : - . G e .'\: -
1 el ot
0 50 100 150 200 250
p (2) [GeV]
<
E i ; )
1
2
B eiivie SEEEE. 4 M 5
s 1 -
[+ E .
[a] 1
0.2¢ 50 100 150 200 250
P,(2) [GeV]

" data w/stat error
®m  data wistat & sys error

"_I_ DO Runll Preliminary

10° B Pythia range stat
10° [EEE Pyihia range stat & sys
10%
10
= -1
°F =950 pb
0o 1 2 3 4 5 6
Jet Multiplicity
aF
2L lw T
2 L [
1 = $ . 1
0.2 6 _i é é a 2 é

Jet Multiplicity

Nr. of Events Data / SHERPA

Data / SHERPA

Nr. of Events
3

* data
[ Sherpa range

P,(2) [GeV]

aF
3 -
2
1p -'n.!‘ﬁ* +f., t

g $4 ' !
29 50 100 150 200 250

p.(2) [GeV]

i i'_-'_l_ DO Runll Preliminary | 2
10°
10° E

"F =950 pb

, =950 p

i ] 3 3 5 6
Jet Multiplicity

ir

2

1 5 - W - * :+

| |

02— i 3 3 2 ;

5 6
Jet Multiplicity

Pythia:Z+1 jets ME  Sherpa:Z+<3 jets ME

(Z—ee)tjets

L=950 pb-?

- Pythia tends to under-
estimate high pT jets,
especially at high jet
multiplicity

- Sherpa describes data
well up to 4 jets
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Z+b jet production

In QCD, Z+b can help constrain b density in the proton

Important background
for new physics

e i AVAVAVAVY q Q2

such as search for ZH
Higgs production

Qo= 12 GeV* [ Q'=125 GeV*

11~

* H1 Data
v H1 Data { High 07
Y — MRST4
— CTEQaHS
5 Th —— CFM
b

N

'¥
A

+
Q ——(VWWVZ Q Z
Y +
g wooe—e—~Q g Q

Probe the heavy flavor content of proton

With HERA FPb, data:

CTEQ below MRST by 50% and
below data > Z+b jets can help
understand this picture

39



Z+b jets production

Both CDF and Do: - Leptonic decays for Z = e*e”, uu-

- Z associated with jets

(CDF: JETCLU, DO: MidPoint) R = 0.7, |ni*t| <1.5, E; (p;) >20 GeV
- Look for tagged jets in Z events

- Dominant systematic uncertainty:

—> B-fraction for jet events with 2 heavy quarks.
- Jet Energy Scale

- Extract fraction of b-tagged jetfs from - Assumption on the charm

] secondary vertex Mass: no assumption L =180 pb' content from theoretical
L= 335057 5n the charm content prediction: N_=1.69N,

o(Z +bjel) = 0.96+0.32+0.14pb
R olZ + bjet]
olZ + jet]
Agreement with NLO prediction: o(Z +bjet) =0.52pb R =0.018+0.004

R olZ +bjet]

—==0.021£0.004(stat)" oo (syst)
=0.0237+0.0078(stat) = 0.0033(syst) olZ + jet]
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Non-Perturbative Effects



The “Underlying Event”

Jet

b4
N
k 4

Beam < > Beam
Remnants 1 =, — = Remmants

Jet

Underlying Event

Final-State

Outgoing Parton Radiation

The hard scattering process:

* Outgoing two jets
+ initial & final state radiation (?)

The “underlying event”:

» soft initial & final-state radiation
* the “beam-beam remnants”
» possible multiple parton interactions
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The “Transverse” Region

as defined by the L eading Jet

“Transverse” region is
very sensitive to the
“underlying event”!

Calorimeter Towers (E; > 0 1GeV, n|<1) Away Region
Choandr S Fet

“Transverse” region
recieves contributions
from initial & final-
state radiation!

Calorimeter Jet #1 Transyerse
Region

Direction

Leading JH

“Toward” Jet

Toward Region

“Transverse” “Transverse”

Transverse
Region

Look at the charged
particle density and the
ETsum density in the
“transverse” region!

ARSI Jet

Look at the “transverse” region as defined by the leading calorimeter jet
(MidPoint, R = 0.7, f_ o4 = 0.75, |n| < 2).

Define |A¢| < 60° as “Toward” 60° < -Ad < 120° and 60° < Ap < 120° as
“Transverse 1” and “Transverse 2", and |A¢| > 120° as “Away”.

Study the charged particles (p; > 0.5 GeV/c, [n| < 1) and form the
charged particle density, dNchg/dhdf, and the charged scalar p; sum
density, dPTsum/dnd¢, by dividing by the area in n-¢ space.

Study the calorimeter towers (E; > 0.1 GeV, |n| < 1) and form the scalar
E; sum density, dETsum/dnd¢. 43



“TransMAX/MIN™ PTsum Density

PYTHIA Tune A vs HERWIG

“Back-to-Back”
Jet #1 Direction

“Leading Jet”

Jet #1 Direction

“TransMAX”

“TransMAX” TransMIN

“TransMIN”

Jet #2 Direction

Order transverse regions according to
charged PTsum density, dPTsum/dnd¢,
into “transMAX” and “transMIN” region
(pr> 0.5 GeVl/c, |n| < 1) versus
P.(jet#1) for “Leading Jet” and “Back-
to-Back” events.

transMAX picks up the hard component
transMIN picks up beam-beam remnant

Compare the (corrected) data with
and
at the particle
level.

"Transverse" PTsum Density (GeV/c)

3.0

25

2.0

15+
10+ Tt ¢

0.5 ]

| datacorrected to particlelevel - | 9 _ __o_ % _ l __

CDF Run 2 Preliminary

"Leading Jet"
1.96 TeV

L
MidPoint R = 0.7 [n(jet#1) <2

"Transverse" PTsum Density (GeV/c)

Charged Particles (|n|<1.0, PT>0.5 GeV/c)
0.0 } } } } } } } }
0 50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)
‘“TransMIN“ Charged PTsum Density: dPT/dnd¢|
0.6

o
2]

=)
a
|
f

o
w
I

=]
N
I
T

o
-

o
=)

CDF Run 2 Preliminary MidPoint R = 0.7 n(jet#1) < 2
data corrected to particle level

1.96 TeV

"Leading Jet"

53558838 7 §

I : mE5igiest

3
R

Charged Particles (|n|<1.0, PT>0.5 GeVic)

0 50 100 150 200 250 300 350 400 450

PT(jet#1) (GeVic)

Rick Field, U of Florida
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“TransMAX/MIN™ PTsum Density

PYTHIA Tune A vs JIMMY

“Back-to-Back”
Jet #1 Direction

“Leading Jet”

Jet #1 Direction

“TransMAX”

“TransMIN”

“TransMAX” “TransMIN”

Jet #2 Direction

Order transverse regions according to
charged PTsum density, dPTsum/dndd¢,
into “transMAX” and “transMIN” region
(pr> 0.5 GeVl/c, |n| < 1) versus
P(jet#1) for “Leading Jet” and “Back-
to-Back” events.

transMAX picks up the hard component
transMIN picks up beam-beam remnant

Compare the (corrected) data with
PYTHIA Tune A (with MPI) and a tuned
version of JIMMY (with MP1) at the
particle level.

3.0

"Transverse" PTsum Density (GeVi/c)

0.2 +

0.1 ¥

0.0

0 CDF Run 2 Preliminary
3 55 | datacorectedtoparticlelevel N o o m m m =g | = =
é 2
2 1.96 TeV
D20 t------—- - aHFE R T
3
a
S5
-
oy 1.0 e "Back-to-Back"
g . _I!IIIIIIIIEI!Pr‘;—-LIrLr ;}--
H ' T
g 0.5 . MidPoint R = 0.7 [n(jet#1) etz -
E Charged Particles (|n|<1.0, PT>0.5 GeV/c)

0.0 | | | | | | | |

0 50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)
‘"TransMIN" Charged PTsum Density: dPTldnd¢|
0.6 —
CDF Run 2 Preliminary MidPoint R = 0.7 [n(jet#1) < 2
ta corrected to particle level
[ e B e Ll e - -
04 1.96 TeV _"Leadingdet™ =T ™| = = = m = - -
N T - -
35l {
0’ ﬂﬂﬂﬁfiiiii [ X E

ILII‘IHHTI- = ="BacktoBack" ™ = T 7 '?-I-

WI:;II,III;IT 1
- llIi

Charged Particles (|n|<1,0, PT>0.5 GeV/c) |
T T T T T

PY Tune A

50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)

Rick Field, U of Florida
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Conclusions

QCD at the Tevatron is being tested in a vast kinematical range
— 9 orders of magnitude in inclusive cross section
— stringent pQCD tests at NLO
— Input in global PDF fits

— Historical Run | excesses (inclusive jet cross section and heavy flavor jet cross section)
largely understood

QCD processes (especially jets +vector boson) pose significant
background for searches beyond the Standard Model

— MC tools cannot be blindly relied upon — measuring and testing a very crucial tool for
future searches at the High Energy Frontier

— QCD at the Tevatron provides a crucial testing/calibration ground for these tools
(underlying event)

— ME+PS models show good agreement — real NLO calculations (MC@NLO) very
promising

DO and CDF are looking forward into a bright future of ~ fb* QCD physics
at the Tevatron

— QCD results amongst the first using the full data sets accumulated so far
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Charged Particle Density

Refer to this as a
“Leading Jet” event

Charged Particle Density: dN/dnd¢

10.0

CDF Preliminary | = Back-to-Back 30 < ET(jet#1) <70 GeV
- - data uncorrected e Leading Jet T3
s ] = Min-Bias T3
i\ L1

"Transverse" 3

2

-
o
|

Refer to this as a
“Back-to-Back” event |[t#1 Direction

Charged Particle

Charged Particles
(In|<1.0, PT>0.5 GeVic)
| | |
T T T

“Toward”

0.1

T
“Transverse” “Transverse”

0 30 60 90 120 150 180 210 240 270 300 330 360
Ao (degrees)

Jet #2 Direction

° Examine as defined by the leading jet (|n| < 2) or by the
leading two jets (|n| < 2).
- “Back-to-Back” events are selected to have at least two jets with Jet#1 and Jet#2
nearly “back-to-back” (A¢,, > 150°) with almost equal transverse momenta
(Pr(jet#2)/P;(jet#1) > 0.8) and P(jet#3) < 15 GeV/c.
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Run Il Inclusive Jets: k; vs MidPoint

B kT jet-finding algorithm MidPoint Cone algorithm
H H . — 1 E ETTTT L TTTT L TTTT TTTT LILELE
. Jet finding algorithms o ke D07 01<ivI07 T Lvacs v ey
3 10 E —=— Data 10 & Midpoint R,,,,=0.7, f, __=0.75, H;m=1.3 E
—_ Ieft kT (D:O . 7) % 1 ;r Systermnatic errors 1 E oj.1<|v|<o.-.r —i
. ) . € 01 Er —#— NLO: JETRAD CTEQS1 f AF L =385pb’ E
— right: MidPoint (R=0.7) £ "¢ ™ = cowmeme g
— both for central jets only: 3. T 3 :
0 1<|Y|<O 7 S 100f P £ o'F E
. . o = - =, .
A 10°E p*_%_'\i_. % 10°L 3
10 i R ) t\_lg 10° E_ [JTotal systematic uncertainty E
L] E CDF Run I Pl‘l.‘li[[lj]]ﬂl'}" = -:‘_\\ . ? = Data corrected to parton level ?
¢ COmparISOH tO N LO "ﬁé— Wi=1.96 TeV L=385 pb’ = == 10"F | —NLopacD " 4
C 8 | | | | | | ]

[=]

— both agree with NLO and 1% 500500 300400 500 600 700 107006 200 300 400" 500 600 700

7, . PJET [GeVic] p; (GeV/c)

have similar patterns in ' T
D > 250 e T e B . e = T
ata/Theory S L K, D=0.7 0.1<[Y]<0.7 ’E‘- 3; Midp:ntwne e ’:]';5* Y o= =
= [ —=— Data = [ Data corrected to rto:':vel E
t 2__ Systematic errors % 2.5 Gacivico7 peJ_L=355 s —
.g I ———- NLO uncertainties = I Osystermatic uncertainty. 4
L . - —— ~— 2| [Systematic uncertainty including —
« UE+Had Corrections: S 1sf COFRmIprimiary | R s E
L - 5[ *Data/NLO pQCD ]
— UE+Hadronization are F e 1 £ ﬂ 1
phenomenological EERREE S it IR g T mme——eoaeb
' : G 0.5 ; :;Tu?i::s?tr:l:::ear::inty notincluded {
models, not a theory! 5550 = a4 e S s a6m a0 don e sen
JET e c

— matter only for P;<100 Pr" [GeVic] )

. . . 13 m Lo
— k; algorithm is twice Gk s Ko D07 01ei0T g e
- “E CDF Run IT Prelimi r g "= .
more sensitive g wn 11 Preliminary =1 S
: | 3 =

090400 300 300 400 500 400 700 it = NNV "

=00
Py (GeWVic)

PIET [GeVic]
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Inclusive y cross section (DO)

q AWWW Y G Y « Sensitive to PDF and hard scatter
dynamics: no need to define “jets”

g g T g « Performed for central photons, |y9|< 0.9
No Jet Energy Scale error, use good
L = 330 pb! understanding of EM energy scale
—> purity uncertainties dominates

» Separating photons from jet

backgrounds is challenging > 1F
2] . 5 0.9 :_
§ 40000F 1 DO g. -
> u . =
w - e Data L=326pb” S 0.8
35000 o MC background .g E
- o MC signal+background o 0.7
30000— -
B ¥ =
250002_ 44 <p <50 GeV , 0.6 :_
- ] E
20000}~ 0.5
15000;_ CUt 0.4 5_
U % ¢ & 0.3F

s000F 5 - e Extracted purity

I,..|%.$|$ ers.gl... 02‘_ _______ Fit

0 0.2 0.4 0.6 0.8 1 <L

O = Stat. uncertainty

0.1 Total uncertainty
° USe neural network (NN) 0: 1 I 1 1 1 I | L1 I 1 L1 1 | 1 L1 1 ] 1 L1 1
— Track isolation and calorimeter 0 50 100 150 200 250 300
shower shape variables py (GeV)

50



Forward jets (k; algorithm ,CDF)

CDF Run Il Preliminary

—10"°

d’ /dy” dp; ' [nb/(GeVic
-ﬂ; -I:J:h Srl: S E;h- E:-q

—

<
-
-

-

o
-
B

K, D=0.7
; —=— Data
Ly J. L = 385 pb’ Systematic uncertainties
- NLO: JETRAD CTEQ61
e corrected to hadron level

%%F_._,. “R=“F=ma?{9fﬂr2
= NLO uncertainties

feon i r:H-_._"-E

HEH
R e ly""1<0.1 (< 10°)
== =

oy B I h:"!

-
-

g ™ S 0.1<ly"™"|<0.7 ( 10%)

Pl 'ii_;r.'_
i —_
-— JET
0.7<ly” |=1.1

1.6<|y’" " |<2.1 (= 10%)

100 200 300 400 500 600 70O
py ' [GeVic]

Five regions in jet rapidity
explored (D=0.7):

o | yiet| <0.1

«0.1< | ye'| <0.7
«0.7< | yier | <1.1
ol.1<|yiet| <1.6
o].6<|yiet| <2.1

Good agreement
with the NLO pQCD
forjetsup to | Y |<2.1
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Inclusive Jet Cross Section-CDF

(MidPoint algorithm R=0.7)

r 1 102 E . . i
g | 121 fp-l Central jets: 0.1<|y®!< 0.7
Q= 10 et point (R =07,f =075, R =1.3)
= 8 = cang g Sap - g
- = 3 Data corrected to the parton level
P . (=]
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= E 1.5 B hadronization and UE J
10} 2 [ i . —SnllB
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- Ml Gasrsetd ih hadin ksl 0 100 200 300 400 500 600 700
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1u-ﬂ. e | PR B | I | i . 1_43 CDF Run Il Preliminary
0 100 200 300 400 500 600 700 =
ot 1.3
P::‘ [GE\M.':} - Uncertainty
1.2
« Systematic dominated by Jet s

Energy Scale uncertainties (2-3%)

Parton to Hadron Level Corrections

Sensitive to
UE+Hadronisation effects

Good agreement with NLO CTEQ6.1M Pr (Gew?z

A s ———
* NLO uncertainty due to high x 0s|
gluon PDF o8l
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~ Run 1Ll -> MidFoint algorithm

1. Define alist of seeds using CAL
towers with ET >1GeV #

2. Draw a cone of radius R around
each seed and form “proto-jet”

£ Jet :ZEK' P, st :Z,D//(
k k

(massive  jets P,y ST

3. Draw new cones around "proto-
jets" and iterate until stable cones

4. Put seed in Midpoint (n—¢) for
each pair of proto-jets
separated by less than 2R and
iterate for stable jets Cross section calculable in pQCD

5. Merging/Splitting 53



1. Seeds withE.>1GeV pQCD NLO does not have overlaps
. T (at most two partons in one jet)

2. Draw a cone around each seed and
reconstruct the "proto-jet”

E_ge‘r _ Z E K ,
k
it 2 Eromy oI = 2 Er 0y Therefore it uses larger cone
E ' EJ R' = Rsep x R to emulate
experimental procedure
3. Draw new cones around "proto-jets” -> arbitrary parameter

and iterate until stability is achieved

. JetCl
4. Look for possible overlaps '

merged if common transverse
energy between jets is more
than 75 7% of smallest jeft.....




Cone algorithm

NLO pQCD diagram

proton

antiproton
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Jets at 1.96 TeV

(14 2
“Theory Jets” Real Jets

£ Raw Jet P [GeV/c]
£ NLO QCD (JETRAD) = JetClu R=07
1 Cone R=0.7, |n| < 0.5

10"

10°

10° \s = 1.96 Tev

10" ¥5@E00GE\

10" \s =18 Tev

10° I l

-T
s wAEA00G e
10" L 1

1 I 1 1 I 1
100 200 300 400 500 600
[ [GeV] Only towers with E; > 0.5 GeV are shown

NLO parton level calculation 2->N tree level process (ALPGEN)
Mention Matching to parton shower CKKM / MLM ?
MC@NLO
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Two particle momentum correlation &

hadronization e
( dn ] %{:i Tz E’E:l?ﬁlw
Zgjfg;z J co(E )+ ci(E,)e (A§1+A§z%a'-—g5m%€ém}s'a%§l

dg \dg,

1.3F Q=E,,6.=100%0_5=50GeV

C(é:laé:z) = [

All particle pairs in cone 0.5 around
the jet axis

§=I‘n(Ejet/Pparticle)’ A§=§-§At Max

Q=E ;X0 ones Qo= parton shower :
cutoff in the theory

=
22242628 3 32 34 36 38

gluon jet S e

S — quark jet .o
©o1a 3 A CDF Run Il preliminary / o
E ; CDF fit by Fong/Webber Q_,=147Me -0.02 :—
0.12 _ B Ry i —
-1 ., 20202 T ..... Fong/Webber quark jet Q=“=14? N . = | i
o1y .| e Fong/Mebber gluon jet Q_, =147HeV ~ - ) .
0.0Bj— -"-“-, / u 3;
0.06 :_ R B i .i ----------------- A CDF Run Il preliminary
004 T < CDF fit by Fong/Webber Q_, =131 MeV
N ‘ 1 b*l ---. Fang/Webber quark jet O_=131MeV
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Diphoton Production



SUSY Cascade Decays @ LHC
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Discovery within a month ?

But the SM (QCD) backgrounds are tricky!

10 .
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